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THE JOURNAL OF CHEMICAL PHYSICS 139, 184306 (2013) Electron attachment to C 2 fluorocarbon radicals at high temperature Thermal electron attachment to the radical species C 2 F 3 and C 2 F 5 has been studied over the temperature range 300-890 K using the Variable Electron and Neutral Density Attachment Mass Spectrometry technique. Both radicals exclusively undergo dissociative attachment to yield F − . The rate constant for C 2 F 5 shows little dependence over the temperature range, remaining ∼4 × 10 −9 cm 3 s −1 . The rate constant for C 2 F 3 attachment rises steeply with temperature from 3 × 10 −11 cm 3 s −1 at 300 K to 1 × 10 −9 cm 3 s −1 at 890 K. The behaviors of both species at high temperature are in agreement with extrapolations previously made from data below 600 K using a recently developed kinetic modeling approach. Measurements were also made on C 2 F 3 Br and C 2 F 5 Br (used in this work as precursors to the radicals) over the same temperature range, and, for C 2 F 5 Br as a function of electron temperature. The attachment rate constants to both species rise with temperature following Arrhenius behavior. The attachment rate constant to C 2 F 5 Br falls with increasing electron temperature, in agreement with the kinetic modeling. The current data fall in line with past predictions of the kinetic modeling approach, again showing the utility of this simplified approach. 
I. INTRODUCTION
The efficacy of plasma etching of semiconductor surfaces employing a plasma initiated by discharge of fluorocarbon gases is known to be affected by the concentration of small fluorocarbon radicals present. [1] [2] [3] Similarly, the growth of carbon nanowalls is inhibited by increased fluorocarbon radical concentrations in plasma processing nanofabrication schemes. 4 A more complete understanding of radical chemistry in these environments is necessary for their predictive modeling, with the aim that the modeling guides optimization of the processes. 5, 6 Radicals in the plasmas are formed through dissociation of neutral species by electron impact or dissociative electron attachment, or by surface reactions. 5, [7] [8] [9] Radical loss processes are self-reaction, further dissociation through electron impact, surface reaction, or through electron attachment. 7, 9, 10 The latter is particularly intriguing because it replaces a concentration of radicals, which may directly etch a surface by reacting to form a volatile species, with anions, which are unlikely to interact with a surface due to the electronegative sheath surrounding the plasma. Several studies have investigated electron attachment to fluorocarbon radicals either theoretically [11] [12] [13] or experimentally. [14] [15] [16] [17] Experimental study of electron attachment to fluorocarbon radicals has been comprised of two complementary techniques. The Electron Radical Interaction Chamber (ERIC) experiment produces radicals through abstraction by hydrogen atoms from precursor halocarbon species, and crosses the sample molecules with an energy-selected electron beam. 18 The experiment yields relative electron attachment cross a) Author to whom correspondence should be addressed. The experiment yields electron attachment rate constants and products over a range of thermal temperatures. The ERIC experiment allows study of higher energy processes, while study of near zero-energy attachment is resolution limited; VENDAMS allows detailed study of near zero-energy attachment, while study of higher energy processes is limited. Additionally, rate constants from the VENDAMS experiments allow normalization of the ERIC results to place relative cross sections on an absolute scale. Both techniques have been applied to CF 2 and C 2 F 5 . 14, 16, 17 VENDAMS has also been used to study electron attachment to CF 3 up to 890 K and to C 2 F 3 and the isomers of C 3 F 5 and C 3 F 7 at temperatures from 300 K to 600 K. 15, 16, 20 Application of the VENDAMS data to plasma processing requires extrapolation of the results to conditions inaccessible to the experiment, namely to non-thermal conditions with gas temperatures near 300 K and electron temperatures up to several thousand K. The extrapolations have been made using a recently developed kinetic modeling approach. 15, [20] [21] [22] [23] [24] As opposed to first-principles treatments of electron attachment, such as R-matrix calculations, kinetic modeling requires only very modest data inputs and calculation requirements, and is easily applicable to larger species. The kinetic modeling approach has been shown to successfully reproduce empirical results for a range of systems. 15, 20, 22, 23 Recently, predicted extrapolations made from lower temperature data on electron attachment to CF 3 were confirmed by extension of the measurements to higher temperatures. 20 The modeling predicted non-Arrhenius behavior just above the original temperature range and the higher temperature data confirmed the original prediction. The complete data set were fit with only slight adjustment of the original parameters.
Here, the VENDAMS technique is used to study the kinetics of electron attachment to C 2 F 3 and C 2 F 5 at temperatures up to 890 K. The results are compared to extrapolations previously made based on the lower temperature measurements of these systems. 14 In addition, electron attachment to the stable precursors of the radicals, C 2 F 3 Br and C 2 F 5 Br, is studied using standard FALP techniques. 25 As explained later, attempts were made to use the VENDAMS method to measure electron attachment rate constants to the radicals as a function of electron temperature, but were unsuccessful. Standard FALP techniques were used to measure electron attachment rate constants to C 2 F 5 Br as a function of electron temperature up to 6000 K, 26 and these results are compared to those from kinetic modeling of the thermal data.
II. EXPERIMENTAL
The experiments here comprise two techniques, VENDAMS 19 and standard FALP methods, 25 and two apparatuses, the Air Force Research Laboratory's FALP 27 and high-temperature FALP (HT-FALP), 28, 29 all of which have been described in detail elsewhere. Here, we will briefly describe the two apparatuses, the traditional FALP technique for measuring electron attachment rate constants in thermal and non-thermal plasmas, and the VENDAMS technique for measuring electron attachment rate constants to unstable species.
Both the FALP and HT-FALP consist of a 1 m long, 7 cm diameter flow tube with an Evenson style microwave discharge cavity on a 1 in. diameter glass finger upstream. The FALP flow tube is made of glass with a stainless steel lining inside; the HT-FALP flow tube is made of quartz in order to withstand temperatures up to 1400 K. A buffer gas flow (either He or Ar) of 10-20 std. L min −1 enters upstream through the microwave cavity and is discharged, yielding He + , He 2 + , and He * (or Ar + , Ar 2 + , and Ar * ) and e − , which are carried downstream by the fast flow. A second gas, either Ar to the He flow or He to the Ar flow, is added through an inlet several cm downstream. Ar converts He 2 + and He * to Ar + , resulting in a thermal electron/ion plasma. He added to the Ar flow increases the rate of electron thermalization (see below). A neutral reactant gas may be added to the afterglow through a glass inlet located about halfway down each flow tube (46 and 53 cm from the downstream ends of the FALP and HT-FALP, respectively). Each apparatus contains two diagnostics: (1) the center axis of the flow is sampled through a pinhole aperture in a truncated conical nose cone at the downstream end of the flow tube into a quadrupole mass spectrometer; (2) a cylindrical Langmuir probe, moveable from 15 cm before to 30 cm after the reactant inlet in the FALP and from 1 cm to 30 cm after the reactant inlet in the HT-FALP, measures the absolute electron density along the center axis. The Langmuir probe consists of a short length (7.6 and 7 mm in the FALP and HT-FALP, respectively) of thin (0.001 in. and 0.003 in. diameter) tungsten wire. The temperature of both instruments is controlled by three independent zones of resistive heaters. The temperature range of the FALP is 300-600 K, limited by the softening point of Pyrex. The HT-FALP is limited by the melting point of the quartz tube; effectively below 1400 K. In both instruments, the gas line leading to the reactant inlet passes through half the length of the flow tube in order to thermalize the reactant to the wall temperature. In the HT-FALP, the inlet line passes through the upstream half of the flow tube, which is pre-heated above the desired reaction temperature in order to maintain a constant temperature gradient throughout the reaction zone. As a result, the experiments are limited not to the temperature at which the reactant decomposes, but to a lower temperature for which the preheating would cause the reactant to decompose. In the experiments here, data were obtained up to 890 K.
In the traditional FALP technique to measure electron attachment, a known concentration of a reactant gas is admitted to the afterglow through the reactant inlet, and the decay of the electron density as a function of length along the flow tube is monitored using the Langmuir probe. By converting distance to time through a known plasma velocity (measured by pulsing the microwave discharge and noting the arrival time of the disturbance on the Langmuir probe as a function of position along the flow tube) and accounting for diffusion (measured by monitoring the decay of electron density along the flow tube with no reactant gas introduced), the rate constant k a for electron attachment to the reactant is determined by
where [e] t is the electron concentration at time t, ν a is the electron attachment frequency, ν D is the diffusion frequency, and [n r ] is the reactant concentration. At the same time, product anions and product branching fractions are determined using the mass spectrometer. The large majority of FALP electron attachment measurements have been made in thermal plasmas; i.e., the gas temperature (T gas ) is equal to the electron temperature (T el ), while a handful of studies have been done in non-thermal plasmas. 26, 30, 31 In a He buffer, electrons are thermalized within about 0.1 ms; within 1-2 cm at the typical velocities in the experiments here of 100-200 m s −1 . 32 In an Ar buffer, electron thermalization is much slower, requiring between 1 and 10 ms, on the same order as typical transit times through the flow tube. 32 The electron energy distribution is measured from the 2nd derivative of the current on the Langmuir probe as a function of negative voltage applied relative to the plasma potential; i.e., the change in the current at a given retarding potential reflects the decrease in electron population with energy greater than that potential. 33 The mean T el may be derived from the shape of the electron energy distribution. Under the conditions here, in a pure Ar buffer electrons at the start of the reaction zone have a mean temperature of about 6000 K, decreasing to about 5000 K 30 cm downstream. By adding flows of He from 0.1 to 2 std. L min −1 , the T el may be set to an intermediate value. Repeating the standard FALP electron attachment measurement under these conditions yields the electron attachment rate constant as a function of T el .
With the exception of special cases, it is not possible to use this technique to study electron attachment to unstable species, as they cannot be delivered directly into the afterglow. The VENDAMS method delivers a neutral precursor to the afterglow and produces unstable species in situ. For instance, in the present experiments a known concentration (typically ∼10 10 cm −3 ) of C 2 F 5 Br is delivered through the reactant inlet using a mass flowmeter. C 2 F 5 Br undergoes dissociative electron attachment
yielding Br − and the C 2 F 5 radical in equal quantities. At low plasma densities (<10 9 cm −3 ), (2) largely depletes the electron density; however, at higher plasma densities electron attachment to C 2 F 5 ,
occurs at a measurable rate. By monitoring the ratio of F − to Br − as a function of the initial electron density, the rate constant of (3) may be derived. Representative data are shown in Figure 1 and are discussed below. Fit lines are determined by calculating the expected relative anion abundances through iteratively solving the set of coupled differential equations describing the reaction scheme throughout the known reaction time for a given set of rate constants for all relevant reactions. By keeping the neutral concentration low in order to minimize contributions from ion-molecule reactions, the anion abundances are in these cases, within uncertainty, only a function of (2) and (3), and diffusion. The best fit rate constants and their uncertainties are determined by sampling the full parameter space through a Monte Carlo method and com- paring 19 Attempts were made to apply the VENDAMS technique in non-thermal plasma conditions; however, they were unsuccessful. We were unable to effectively vary the initial density of the plasma while also maintaining consistent T el conditions. Attempts to derive radical electron attachment rate constants from single point measurements (i.e., a single initial plasma density) resulted in large scatter and anomalously large values that did not converge towards the known thermal value as T el approached T gas .
Uncertainty in rate constants measured using VEN-DAMS is linear with uncertainty in the mass discrimination between detection of F − and Br − . The mass discrimination factor is measured, as described elsewhere, 20 by adding a large concentration of NF 3 to the afterglow through the upstream inlet, such that the electron density is depleted through dissociative attachment forming F − . CH 3 Br is added through the reactant inlet, which reacts with F − to yield exclusively Br − . The change in the peak heights of F − and Br − as a function of the CH 3 Br concentration yields the relative mass discrimination. In the current experiments on the FALP, F − was discriminated against by a factor of 2.1, with an estimated uncertainty of 10%. For technical reasons, the mass discrimination measurement is easier to perform on the FALP than the HT-FALP. The mass discrimination of the HT-FALP was determined by normalizing the results of VENDAMS measurements at 500 K to those taken on the FALP at the same temperature. The HT-FALP discrimination was a factor of 2.5 against Br − , consistent with previous values for that apparatus.
III. RESULTS AND DISCUSSION
Representative raw data determining attachment to C 2 F 3 and C 2 F 5 at several temperatures are shown in Figure 1 . In VENDAMS, the slope of the relative abundances with [e] 0 is a function of the reaction scheme producing that ion. Products of the primary attachment (i.e., to the neutral precursor) will have zero slope on such a plot. The relative abundance of products from the secondary attachment (i.e., to the radical) will be directly proportional to [e] 0 with a proportionality constant of about 1. Anions resulting from higher order chemistry (e.g., electron attachment to products of mutual neutralization of anions produced in the primary attachment) will have a larger proportionality constant. At higher [e] 0 further chemistry, such as mutual neutralization may induce downward curvature into the abundance curves, although this is insignificant here as both F − and Br − , being monatomic, neutralize slowly at these temperatures with the monatomic cations, Ar + and He + , that dominate the plasma. The modeled fits shown in Figure 1 are sensitive only to the rate constant of attachment to the radical (3) and to a lesser extent those of attachment to the precursor (2) and of ambipolar diffusion. The slope of the modeled fit is essentially fixed by the chemistry, and the F − abundances are translated higher or lower reflecting a larger or smaller rate constant for (3). Understanding the lack of flexibility in the fitting, the data are quite well reproduced in all cases with the slope of the experimental abundances matching that of the calculated values. It follows that the observed F − signal must result from secondary attachment, as opposed to attachment to the neutral precursor or to a contaminant in the system. The rate constants for attachment to C 2 F 3 and C 2 F 5 derived from this data appear in Figure 2 . In a previous study, the rate constants for electron attachment to C 2 F 3 and C 2 F 5 were measured from 300-600 K using C 2 F 3 I and C 2 F 5 I as precursors to the radicals, respectively. 14, 16 In the present work, the analogous bromides, which are stable up to higher temperature, were used instead. An assumption of VENDAMS is that the radicals formed in the afterglow are thermalized sufficiently quickly and the nature of the precursor should not affect the resulting measurement. Only one previous VENDAMS study (involving measurement of mutual neutralization rate constants, as opposed to electron attachment) reported results for a species initiated from different precursors. 34 In the present study, VENDAMS measurements of the electron attachment rate constants to C 2 F 3 and C 2 F 5 (from Br precursors) were made at 500 K using the FALP apparatus. The results (Figure 2) were, within uncertainty, in excellent agreement with the previously reported values originating from the iodine species. Measurements were also made using the HT-FALP apparatus at 500, 700, and 890 K. As described above, the 500 K HT-FALP values were normalized to the FALP results in order to account for mass discrimination which is more difficult to measure in the HT-FALP.
In the prior work on electron attachment to these species, the results were interpreted through application of the kinetic modeling approach. 14, 16 The details of the kinetic modeling and its mathematical basis have been described elsewhere. 20, 22 Briefly, the modeling aims to simplify treatment of the electron attachment process by separating the effects of electron and nuclear motions. Electron attachment is deconstructed as far as possible into discrete steps, and each step treated either through statistical theory or through application of adjustable parameters with empirically validated functional forms. An incident electron and the neutral species form a 'contact pair' with a probability calculated using extended Vogt-Wannier theory, 35 for which parameterized forms have been developed for both polar and polarizable species, 36, 37 setting an upper limit on the electron attachment rate constant. The likelihood of subsequently crossing to the anion potential energy surface is reduced by several factors. The contact pair may separate prior to the electron being incorporated into the electron cloud of the neutral species; this is modeled by reducing the upper limit by a decaying exponential as a function of the incident electron energy and an adjustable parameter termed c 1 . Inelastic scattering of the electron may compete with attachment; this is similarly modeled by reducing the upper limit as a function of both the electron energy and relevant vibrational frequencies of the neutral. The system must sample a crossing between the neutral and anion surfaces, which may involve overcoming an energetic barrier, E n,0 , requiring a minimum amount of energy in one or more critical modes of the molecule; this is also modeled by reducing the upper limit by a function of the internal energy of the neutral. Once the system has crossed to the anion surface, a temporary excited anion is formed. The excited anion must be stabilized by either autodetachment of the electron, dissociation to a fragment anion, or either radiative or collisional stabilization to the parent anion. Both autodetachment and dissociation rate curves are calculated using statistical theory, 38 and competition between all channels is calculated by approximating a solution to the Master Equation. As shown in a prior work, for C 2 F 3 and C 2 F 5 , the dissociative channels are sufficiently exothermic that the branching fraction to dissociation will be unity, and the electron attachment rate constant will be equal to the rate constant of forming the excited anion. 16 The best-fit kinetic modeling results to the C 2 F 3 and C 2 F 5 attachments appear in Figure 2 . The fit for C 2 F 5 is previously reported in Ref. 14, with the subtle change that the current modeling assumes the capture probability to fall as a function of the square root of the collision energy rather than of the collision energy, the former having been determined to provide slightly better agreement with experiment. 24 This change does not result in a qualitatively distinct fit; however, in the language of the kinetic modeling the c 1 parameter must be adjusted to equal 9.3 and the factor E n,0 decreased from 560 ± 200 cm −1 to 460 cm −1 . That technical detail aside, the previously reported fit was to data up to 600 K and included an extrapolation up to T gas = 900 K and T el = 6000 K. The extrapolation of the thermal attachment rate constant may be compared to the present data up to 890 K. It is evident from Figure 2 that the current data are in agreement with the extrapolation; however, the uncertainty of the measurements is too large to confirm the subtle downturn of the rate constant at high temperature. Indeed the full data set at 300-890 K may simply be described by a constant value of 4 × 10 −9 cm 3 s −1 . According to the kinetic modeling, it is unlikely that this constant value holds far beyond the limits of the experimentally accessible temperature range in either direction as that range just happens to coincide with the peak of the attachment rate constant curve. It is useful here to briefly discuss the origin of such a peak in the thermal attachment rate constant. In order for attachment to occur, the system must at some point cross from the neutral to the anion potential surface. The crossing may occur at a geometry away from the equilibrium and therefore require energy in a critical mode (or modes) of the neutral in order to be accessed, resulting in Arrhenius behavior of the rate constant with increasing T gas . As T el increases, however, the lifetime of the 'contact pair' consisting of the neutral and the incident electron decreases. Assuming, as evidence suggests, 24 that electron capture takes a finite amount of time, the likelihood of capture then decreases with increasing T el . For thermal measurements where T gas = T el , the factors compete, with T gas dominating the behavior at low temperatures and T el at high temperatures. For the fluorocarbon radicals, which all appear to capture high energy electrons with a similar inefficiency, 16 the temperature at which peak occurs is largely a function of the energetic barrier required to cross to the anion surface.
Our recent report of electron attachment to CF 3 shows the kinetic modeling to clearly describe the beginning of a downturn in the rate constant at high temperature, whereas that downturn is completely missed by a simple extrapolation assuming Arrhenius equation behavior. 20 The behavior at an attachment rate constant far below the collision rate was noted as unusual and is again noted here. The collision rate constant for attachment to C 2 F 5 , as calculated using extended Vogt-Wannier theory decreases from 2.6 × 10 −7 cm 3 s −1 at 300 K to 1.9 × 10 −7 cm 3 s −1 at 890 K. The reported reaction efficiency is then about just 2% at all temperatures measured.
The behavior of the rate constant for attachment to C 2 F 3 is distinct from C 2 F 5 within the accessible temperature range, but is well-described within the same kinetic modeling framework. The best-fit E n,0 = 1550 cm −1 is much higher than that for attachment to C 2 F 5 while the factor c 1 = 8.0 is quite similar. As a result, the experiment samples an ''earlier'' portion of the rate constant curve for C 2 F 3 . Figure 3 shows an extrapolation of the electron attachment rate constant for C 2 F 3 as a function of T gas and T el similar to that previously reported for C 2 F 5 in Figure 7 of Ref. 14.
As mentioned above, unsuccessful attempts were made to directly assess the extrapolation of attachment to the fluorocarbon radicals as a function of T el . As a proxy, measurements of attachment to C 2 F 5 Br as a function of T el , which may be studied using traditional FALP methods, were made. Figure 4 shows measured thermal electron attachment rate constants to both C 2 F 3 Br and C 2 F 5 Br from 300 K to 890 K. C 2 F 3 Br undergoes exclusively dissociative attachment yielding Br − . Attachment to C 2 F 5 Br is predominantly dissociative yielding Br − with a small (∼1%) associative channel at 300 K. At all higher temperatures, the associative channel is too small to detect at these experimental pressures. Where measurements on the two apparatuses overlapped at 500 K, the values measured using the HT-FALP were slightly below, but within error of, those made using the FALP. Attachment to both molecules follows typical behavior, increasing with temperature until turning over as the rate constants approach the collision rate. The kinetic modeling again describes these systems well, with factors of c 1 = 0.3; 0 and E n,0 = 265; 930 cm −1 for C 2 F 5 Br and C 2 F 3 Br, respectively. Measurements of electron attachment to C 2 F 5 Br at two gas temperatures, 300 K and 500 K, were made as a function of T el up to 6000 K using the FALP apparatus. The measurements as a function of T el along with the extrapolations made using the parameters fixed by the thermal data appear in Figure 5 . Similar to previous measurements of attachment to several other species the rate constant decreases sharply with increasing T el . 26, 30, 31 Although the uncertainties in both the rate constants and the electron temperature are reasonably large, the observed behavior is in good agreement with the kinetic modeling results. It is worth noting cases which show a positive dependence between the electron attachment rate constant and T el , suggesting that electron-impact vibrational excitation contributes to overcoming the activation barrier to crossing to the anion surface. 31 In light of the successful extrapolation of the C 2 F 5 Br attachment data to high electron energy, it appears reasonable to accept the extrapolations for C 2 F 5 as presented in Ref. 14 and for C 2 F 3 presented here. An important caveat for the C 2 F 3 results is to note that the extrapolation assumes no higher energy resonances exist, unlike the C 2 F 5 system which has been studied using the ERIC experiment to confirm no higher energy resonances up to 10 eV.
IV. CONCLUSIONS
The kinetics of thermal electron attachment to the fluorocarbon radicals C 2 F 3 and C 2 F 5 have been studied up to 890 K using the VENDAMS technique. Additionally the kinetics of electron attachment to the stable species used as precursors to the radicals, C 2 F 3 Br and C 2 F 5 Br, have been studied in a thermal plasma up to 890 K, and, for C 2 F 5 Br, under non-thermal conditions up to T el = 6000 K. The results for the radical species at 500 K are in agreement with previously reported values from experiments using different neutral precursors. The electron attachment rate constants for C 2 F 3 and C 2 F 5 at higher temperatures are in agreement with previously reported extrapolations of lower temperature measurements made using a kinetic modeling approach. The C 2 F 3 Br and C 2 F 5 Br electron attachment rate constants as a function of temperature in both thermal and non-thermal plasmas are also well-described within the same kinetic modeling framework, adding further weight to the use of kinetic modeling to extrapolate data taken over narrower ranges. This page is intentionally left blank.
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